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FOREWORD

This document reports on an investigation by the Aerojet Solid
Propulsion Company from July 1968 to November 1971, to determine the
correlation between acoustic emission and fracture in selected aluminum
alloys under Contract NAS 8-21405. The work was administered under

the direction of Mr. W, Clotfelter of the NASA Marshall Space Flight

Center.

Aerojet personmel who participated in the investigation include
C. E. Hartbower, Associate Scientist, W. G. Reuter, Senior Engineer;
C. F. Morais, Test Engineer and P. P. Crimmins, Manager of the Metallurgy
Section of Advanced Technology, Aerojet Solid Propulsion Company,

Sacramento, California.
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B,

I. INTRODUCTION

A. DEVELOPMENT OF THE TECHNOLOGY

1. Historical Background

The use of stress-wave emission as a nondestructive inspection

technique has been under development for over a decade. The technique is based

upon the elastic energy which is spontaneously released when a material undergoes

plastic deformation and/or cracking. Thus, stress-wave emission constitutes a
unique nondestructive inspection method in that the material defect when pro-
pagating, transmits its own signal, with the sensor acting as the receiver.
In other words, the material undergoing crack growth both generates and trans-
mits the signal (stress wave emission) which then can be detected by suitable
instrumentation and the source located using seismic techniques,

In Germany, Kaiser(l)* reported what was apparently the first
comprehensive investigation of stress-wave emission in 1950. 1In the U.S.A.,

(2-4)

the researches of Schofield, et al and studies at Aerojet—-General

(5-28) were largely responsible for triggering the current high

(29-32)

Corporation
activity in this new field of nondestructive inspection. Dunegan at
the University of California Lawrence Radiation Laboratory also did pioneering
work in this area, but most of his early research was for the U.S. Atomic
Energy Commission and, therefore, was not publicized. Graduate studies at
Michigan State University started working in this field around 1960 and
continue to work with the stress-wave emission phenomenon(33—36). Likewise,
other colleges and universities have been encouraging work on the phenomenon

in the last five years(37—45).

*References 1-45 are listed on pages 81 - 84,



In addition to the above references, an extensive literature
survey was undertaken during this program. The articles dealing with the
general area of acoustic emission technology uncovered and reviewed during this
survey are shown in Appendix A. Although this background is extensive, no
reported work was found which involved application of the technique to monitoring
of crack initiation and growth at cryogenic temperatures. Primarily, the work
has involved room temperature laboratory tests and the monitoring of structures,
principally pressure vessels, also at room temperature. The results of these
prior programs are incorporated in this report where applicable to the results

of this study.

2. Subcritical Crack Growth

Examination of failed rocket motor cases has indicated the
typical failure origin to be a small crack or crack-like flaw. The flaw is
sometimes sufficiently large to cause fracture on initial loading and some-
times it is so small that the structure can withstand many load cycles or a
prolonged period of sustained stress before the flaw attains critical size
for failure. From service-failure analyses, it is clear that fabricated
structures and even raw materials contain defects of various kinds. Service
life then is controlled by (1) the initial flaw size, (2) the rate of slow
crack growth in the environment of the proof test and/or service, and (3) the
flaw size (critical crack size) to cause fracture at the operating stress.

The latter is determined by a quantitative measure of fracture toughness. The
rate of subceritical crack growth and the threshhold stress intensity below
which slow crack growth will not occur is determined by laboratory evaluation
and can be monitored by nondestructive inspection using the Stress-Wave Analysis
Technique (SWAT). The initial flaw size is estimated by quality control and

verified by proof test.

The basic philosophy of the proof test is that once a pressure
vessel has withstood the proof pressure, subsequent loading to a lesser pressure

will not produce failure. Obviously, this assumes that there will be no fatigue

o



cracking in service and no slow crack growth of existing subecritical defects

due to time-dependent mechanisms such as hydrogen, stress corrosion and/or
strain aging. Without SWAT, experience shows that failure can occur in proof
testing as a result of undetected subcritical crack growth. Moreover, when a
material is susceptible to slow crack growth, the concept of the proof test is
invalid; i.e., after proof testing, tankage can fail at a lesser load if stress—
corrosion, strain aging, hydrogen or cyclic loading are involved in service.
There are numerous examples to illusttrate the fact of subcritical crack growth

in proof testing as well as in service.

Consider the second-stage Minuteman, a 42-in.-dia rocket
motor case which was proof tested with inhibited water with three cycles of
ninety seconds each to 1.1 of the mean expected operating pressure (MEOP).
One chamber failed "prematurely" during the fourth cycle (a test-rig mal-
function on the first cycle mecessitated a fourth cycle to proof pressure).

The failure occurred after 40 seconds at pressure during the last cycle of

proof testing. Thus, the chamber withstood a total of 220 seconds at maxi-
mum pressure., The fabricator's failure analysis reported that failure
initiated in the LD surface, in the fusion and heat-affected zone of the
center girth weld. ©No cracks were found by norndestructive inspection prior
to proof testing. The only explanation for such a failure is subcritical

crack growth during proof testing.

Consider also a first-stage Polaris rocket motor case which
was proof tested with inhibited water at 1150 psig and held at pressure for
180 seconds, with two or more pressure cycles. In the early development of
the Polaris, there were numerous failures in proof test, and some had gll
the characteristics of subcritical crack growth. One chamber, for example,

failed after 120 seconds at proof pressure on the second test cycle. The

chamber had been inspected by magnetic-particle, dye-penetrant, radiographic

and visual procedures; all failed to reveal cracking. Another Polaris



chamber failed after the second proof cycle during the first few seconds of

depressurization, after withstanding a total of 360 seconds at proof pressure.

The above examples show that incipient flaws in a pressure
vessel can increase in size as a result of proof testing. The concern here
is not only with those pressure vessels that fail during proof test (an
economic loss) but also with those that suffer suberitical crack growth
without failure in the proof test. The latter then enter service with
enlarged cracks which may be subject to additional slow crack growth at
service loads. However, if the proof test does not fail the pressure vessel
and if a system is employed to detect and locate flaw(s) undergoing subecritical
crack growth, the information gained from the proof test outweighs the damage
done by slow crack growth. Furthermore, with the safeguard of SWAT, proof
testing significantly above the pressure anticipated in service can be
advantageous. For example, if a vessel survives the first cycle to 1.5
MEOP, then the largest flaw that can be present in the successfully proof-tested
tankage is smaller than that at 1.1 MEOP*. Thus, a vessel which survives the
first cycle at a proof pressure of 1.5 MEOP is less likely to fail in service
because of the significantly smaller defects demonstrated to be present by the
proof test. However, if SWAT is not used to detect flaw growth and permit
unloading before a crack reaches critical size, the higher proof pressure

(1.5 MEOP) will increase the probability of failure in the proof test itself.

The examples of subcritical crack growth cited in earlier
paragraphs involved high-strength materials. Some who are primarily concerned
with lower-strength materials will take comfort in this. However, one other

example should be considered. During the routine air-leak test of a large

* ¢. F, Tiffany, F. A. Pall, "An Approach to the Prediction of Pressure Vessel
Minimum Fatigue Life Based Upon Applied Fracture Mechanics,”" Boeing Doc.
D2-22437 (163) . Unlimited Distribution. ASTM Special Committee on Fracture
Testing of High Strength Sheet Materials Fifth Report, Materials Research &
Standards, Vol. 4(3), March 1964.




steel pressure vessel, a catastrophic brittle failure occurred at a pressure
of about 3,200 psig, even though the vessel previously had passed two hydro-
static tests at 7,500 psig. The pressure vessel was in the form of a
sausage-shaped flask. about 15-ft long with a 19-1/2-in. ID and a 1-1/4-in.
minimum wall thickness; it was manufactured in accordance with ASTM Spec.
A372 Class 4, modified to a minimum yield strength requirement of 80,000 psi.
Investigation of the failure* revealed that, following the hydrostatic tests,
prior to leak test, the pressure vessel, had been galvanized twice, including
a five to eight hour warm-acid-stripping operation prior to the second
galvanize. Hydrogen embrittlement arising from the acid stripping was
suspected to be a factor contributing to the brittle failure. Standard
Charpy V-notch impact tests revealed the 15-ft-1b transition to be 100°F

and the FATT to be 125°F; the drop-weight NDT was approximately 80°F. Thus,
the brittle condition of the steel was confirmed by the high transition
temperatures of the pressure-vessel material (although the material met all
requirements of the applicable ASTM specification). Nevertheless, the failure
was considered to be unusual inasmuch as the pressure vessel had successfully
passed two cycles of proof test to 7,500 psig and then failed at 3,200 psig

in a routine air-leak test.

Positive assurance of the structural integrity of pressure
vessels depends upon determination of (1) the initial flaw size, (2) the
rate at which pre-existing flaws grow under operating conditions, and (3) the
maximum flaw size the material can tolerate under operating conditions.
Before proof testing (or leak testing, as in the preceding example), the only
basis for estimating the initial flaw size is a knowledge of the quality-

control procedures employed during fabrication. For example, if X-ray is the

* R. C. Bates and H. D. Greenberg, "A Study of the Fracture Resistance of Steel
Pressure Vessels by Means of Charpy, Drop—Weight, and Full-Size Burst Tests,"
AIME Met. Soc. Conf., Vol. 31, APPLICATION OF FRACTURE TOUGHNESS PARAMETERS
TO STRUCTURAL METALS, Edited by H. D. Greenberg, Chairman of the Symposium
Committee, Gordon and Breach Sci. Pub. New York, 1964.



is the nondestructive inspection method used, then the largest crack in the
pressure vessel at the time of proof testing might be estimated as being

2 percent of the thickness. If the critical crack size at the proof pressure
is less than 2 percent of the wall thickness, then the pressure vessel may
fail during proof test. (With acoustic emission as a nondestructive inspec-
tion method employed during proof test, one should be able to detect the
growth of such a defect at loads well below the proof pressure and discontinue
the test before failure occurs.) If there are no cracks in the pressure vessel
of critical size at proof pressure, then one can estimate the largest flaw at
the start of service to be no larger than the critical crack size at the proof

pressure. This then is the estimated initial flaw size.

B. SCOPE OF THE RESEARCH

The objective of the research reported here was to investigate the
correlation of stress-wave-—emission characteristics with fracture of aluminum
alloys in environmments of particular interest for liquid-rocket-engine tankage.
Selected aluminum alloys were investigated, including 7075-T73, 2219-T87 and
2014-T6. The 2014-T6 alloy was TIG welded with 4043 and 2319 filler wire and
MIG welded with 4043, The materials were tested as smooth (unflawed) tension
specimens and as part-through-crack (PTC) tension specimens at room and at
cryogenic temperatures. In addition, 18-in.-dia subscale pressure vessels
were tested using a computerized SWAT system for detection and location of

stress—-wave sources.




IT. SUMMARY

Previous programs at Aerojet have extensively utilized the stress-wave-
analysis technique (SWAT) as a crack-monitoring system at room and elevated temp-
perature. One observation common to the earlier studies, regardless of the
material investigated, is that the stress-wave—emission signals have characteristics
which serve to identify plane-strain instability and presage plane-stress instability.
The characteristics which have been found to serve as a precursor of failure are
(1) a marked increase of the amplitude of the signals as observed in real time on
an oscilloscope, (2) a marked increase in the signal repetition rate (count per
second) and (3) a marked increase in the slope of the cumulative count-versus-
load plot.

Koom~temperature data from PTC-tension tests in the study reported hereiln
confirmed the usefulness of the above characteristics and provided a precursor
of the plane-strain instability. However, the characteristic marked increase in
acoustic~emission count rate observed at room temperature was not generally
observed in cryogenic testing PTC-tension specimens. Nevertheless, crack growth
was detected in all of the cryogenic tests and at loads sufficiently below criti-
cal stress intensity to permit unleading and cenfirmation by conventional non-
destructive inspection. Highlights of the findings upon which these general

observations were based are summarized below.

Laboratory Tension Tests. Acoustic-emission measurements in cryogenic

testing were found to be complicated by the following factors:

1. bubbling (boiling) of the cryogenic medium
2. formation of ice on the tooling above and below the cryostat
3. low sensitivity of the Model 2242 accelerometer used in low-

temperature testing.

Solution to these problems was obtained in the testing of tension specimens by
the use of 60 KHz to 600 KHz band-pass filtering, meticulous care to avoid the
formation of ice around the cryostat, and the use of a Model 2213 acclerometer

mounted on a wave guide extending out of the cryogenic. bath.

Larger cumulative counts were obtained from unnotched tension specimens
than from part-through~crack tension specimens. The large count recorded from the
unnotched specimens occurred primarily as a precursor at loads close to failure.
The following tabulation summarizes the results of both the room-temperature
tests and the cryogenic-temperature tests where ice was eliminated and a model

2213 accelerometer was used mounted on a wave guide.



PRECURSOR IN NOTCHED AND UNNOTCHED TENSION TESTS

Test Material

Temp.

Condition

Unnotched 2014
Tension

2219

2014

2219

PTC- 2014

Tension

2219

2014

2219

RT

RT

-320

-320

RT

RT

-320°F

-320°F

BM
WM
WM

BM
WM
WM

BM
BM
BM
BM

WM
BM
BM

BM
BM

WM

2% ¥

2F 2

BM
BM

BM

EE

(a) BM, base-metal test; WM, weld-metal test.
(b) increase in count occurring in the precursor of failure.

(c) no significant increase in count just before failure.

Specimen

C

22
25

36

RN aH T

32

18

29
30

8
9
26

19

31
34

Thousands
of Counts

120
1,750
240
145
1,000
61

35
70
140
120

300
200
40

70
90

35

60

330
200




From'thgfabpve summary, it will be 'seen that at room temperature both the
uﬁnotéhe& and the PTC-tension specimens gave useful precursors, but at cryogenic
temperature, there was little or no warning of failure in the plane-strain (PTC)

tension tests.

Two instrumentation considerations were found to affect the room-
temperature precursor, viz., the trigger level used in cdunting, and the sdaie
factor used in plotting cumulative count versus’ load. If the trigger level is
setlclose to the background noise, this is effectively an increase in gain and
the precursor gives an early warning of failure. If a higher voltage trigger
setting is used (effectively less gain), the warning comes just before failure.
‘ If the X-Y plot of count is recorded at 106 full scale, the precursor may bé
somewhat indeterminant. With high sensitivity, a 105 full-scale count setting
for the X-Y plot provided the best precursor.

The lack of precursor in the PTC-tension tests at cryogenic temperature
points up (1) the advantage of proof testing tankage at room temperature where
large counts generally presage failure and (2) the need for a real-time acoustic-
emission triangulation system in cryogenic testing. In cryogenic testing, the
computer, using the triangulation technique, determines the location of each
signal source, and, thus permits judgements based on multiple emissions from a
single source. In general, single events are disregarded but multiple emissions

from a single location serve as the precursor of failure at cryogenic temperature.

Pressure Vessel Tests. At room temperature the pressure-vessel tests

demonstrated that acoustlc emission monitoring can be employed to detect and
locate growing defects in the aluminum alloys tested, and provides the basis for
terminating a pressure test prior to failure. A marked increase in both the
count rate and stress-wave amplitude (as observed on an oscilloscope in real
time) served as precursors of failure. The existence of the Kaiser effect duting
structural loading also was verified in the room temperature tests; i.e., sig-
nificant SWE activity was not observed in successive cycles until prior pressure
levels were exceeded. However, when defects (or deliberate flaws) were at the
onset of instability, the Kaiser effect no longer was operative. Practical
application of the Kaiser effect lies in its use to determine prior maximum

pressure (stress) levels.



At cryogenic temperature the pressure-vessel tests again demonstrated

the capability to detect and locate stress—-wave-emission sources in real time.
Moreover, in spite of the low sensitivity of the transducer used in cryogenic
testing, it was still possible to detect and approximately locate the failure

origin in each vessel. Multiple emissions from weld defects and/or deliberate

flaws served to indicate incipient failure.

In the 2219-T87 cryogenic test, the error in defect source location
based on signal triangulation was approximately 4 inches; a similar error
(1 to 3-in.) in source location was observed in the room—temperature test of
the same material. During each pressure-vessel test, multiple emissions were
observed from the defect area which indicated potential failure. Inspite of
the error, the indicated source was within the zone which would have to be
ultimately inspected using conventional NDT methods to establish the size,

orientation and location of the source defect.

A comparison of the performance of the 2219 and the 2014 pressure vessels

‘indicated that the 2219 alloy was much superior to the 2014 alloy both at

room temperature and -320°F. At both temperatures, the 2219 chambers burst at
hoop stresses approximating the uniaxial ultimate strength level; whereas, at
cryogenic temperature the 2014 alloy burst at a hoop stress significantly below
the ultimate strength. The poor performance of the 2014 alloy may have been

at least in part the result of 2014 welding problems which required extensive
weld repair to remove weld porosity and cracking in the 2014 material. However,
from an acoustic-emission-monitoring standpoint, i.e., the ability to detect and

locate flaw propagation, there appeared to be no difference between the two alloys.
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ITT. TEST PROCEDURE

A, MATERIALS

The aluminum alloys evaluated during this program included
2014-T651, 2219-T87 and 7075-T73. The nominal chemical compositions of these
materigls are shown in Table L. The 7075-T73 alloy was procurred from a
commercial source (Reynolds Metals Co.) while the 2014 and 2219 alloys were

supplied by NASA-MSFC.

The parent metal * sile and metallurgical properties are shown
in Table II and Figures 1 through 3, respectively. Both the tensile and
metallurgical properties are considered typical of the materials tested. The
microstructures indicate varying degrees of residual cold working and also
contain relatively large amounts of non-metallic inclusions. The micro-
structures 